Introduction
Earth is a cold place where the temperature of over 85% of soil and water environments is close to the freezing point of water. Under these conditions, challenges for life are multifaceted, as temperature affects several key biological processes. In the cold, the fluidity of cell membranes decreases and protein folding is impaired because hydrophobic interactions weaken. Moreover, the rates of transcription, translation, cell division and chemical reactions slow down. Nevertheless, a rich variety of organisms widely spread across the natural kingdoms thrive in cold habitats [1] . To cope with the constraints mentioned above, the socalled cold-adapted or psychrophilic organisms have evolved different adaptive strategies, for example changes in the composition of cell membranes towards a higher content of unsaturated lipids, and the synthesis of cold-shock proteins and cold-active enzymes [2] .
In the extreme condition of permanent subzero temperature, as occurs in permafrost soils and ice seas, or with seasonal fall in temperature another risk threatens even cold-adapted organisms: freezing. The formation of ice crystals both inside and outside cells is a cause of cell damage and death [3] . Fish, insects, plants, algae, diatoms, yeasts and bacteria that colonize very cold habitats, for example Arctic and Antarctic regions, avoid ice injuries by producing ice binding proteins (IBPs), which inhibit the growth of ice crystals [4] . Though all IBPs bind the same ligand -icetheir molecular and functional diversity is astonishing; what surmises recent evolution [4] and makes it difficult to draft a picture of structure-function relationships in this group of proteins. The identification and detailed characterization of novel proteins is expected to add information useful for rationalizing the properties and functions of the IBPs. To this end, this work investigates an IBP from a peculiar biological source, the bacterial community (consortium) that lives in association with a cold-adapted ciliate isolated from cold seawaters at Terranova Bay on the coast of Antarctica.
IBPs decrease the water freezing temperature in a non-colligative manner, thereby creating a hysteresis between the melting and the freezing temperature (thermal hysteresis; TH) [5, 6] . TH derives from binding of IBPs to water molecules at the outer layer of ice and inhibiting further ice growth at the position of binding. This local pinning of the surface induces a microcurvature of the rest of the ice surface in between the pinned positions, and makes the association of other water molecules unfavorable from a thermodynamic point of view and de facto decreases the water freezing point. IBPs are classified based on their effectiveness in TH. For example, 'hyperactive' IBPs from insects and from some bacteria induce TH of 2-13°C. As the main function of many IBPs is to prevent cell freezing, they are often referred to as 'antifreeze proteins'. However, IBPs are present also in living beings that have ice crystals within cells or fluids and, therefore, their function is to help cells in tolerating freezing rather than resisting it. In this context, the most remarkable effect of IBPs is the inhibition of ice recrystallization (IR). IR is the growth of large ice crystals at the expenses of smaller ones [7] and is very harmful for biological matter since it causes dehydration and cellular damage, particularly of cell membranes. Moreover, several microorganisms such as bacteria, fungi, algae and diatoms secrete IBPs to create channels in iced water around cells to allow for the uptake of oxygen and nutrients [8] . Extracellular IBPs contain a conserved region classified in the Pfam database (http://pfam.xfam.org/) as 'domain of unknown function' (DUF) 3494, and most of them carry a signal peptide for secretion at their amino terminus [8] [9] [10] .
Crystallographic structures available to date classify IBPs in at least 11 different folds, utilizing different strategies of structural stabilization such as networks of hydrogen bonds and/or disulfide bonds, and/or Ca 2+ stabilization, whereas the usual hydrophobic core of globular proteins is less relevant [11] . The active site of IBPs is the protein surface devoted to interaction with ice and is called the ice binding site (IBS). Again, different proteins adopt different solutions. Still, common features to most IBSs described to date are that they are quite extended, flat and hydrophobic surfaces and include threonine residues [11] . IBSs are mostly devoid of charged residues and often contain repeated amino acid sequences, consistent with their ability to mimic ice surface [4] . Even more puzzling than structural diversity are the effects of binding of IBPs to ice crystals, since some IBPs are more active in TH and others in IR. Explaining the rationale of such differences is not straightforward [4] . Since it was reported that moderate and hyperactive IBPs bind to different planes of ice crystals [12] , the concept was developed that IBP properties depend on their specific spatial interaction with ice [4] . However, what drives IBPs to associate to a specific crystal face is still an open issue.
Here we describe the features of a bacterial ice binding protein, whose coding sequence was found in the metagenome of bacterial symbionts of Euplotes focardii, a free-swimming psychrophilic ciliate endemic of the oligotrophic coastal sediments of Terra Nova Bay in Antarctica. Previous studies on this single-cell organism contributed to the understanding of the molecular bases of cold adaptation and suggested a pivotal role for IBPs [13] [14] [15] . The sequence studied in this work was identified upon sequencing the E. focardii genome. Data analysis showed that out of the 201 918 contigs identified, 11 179 (from 100 to 25 584 bps) did not contain the telomeric repeats typical of Euplotes nanochromosomes (CCCCAAAA-3 0 /3 0 -GGGGTTTT-5 0 ) and were attributed to marine bacteria on the basis of a comparison with all bacterial genomes available in the NCBI data bank. Analysis of the 16S RNA sequences [16] revealed that the major bacterial genera were either Bacteroidetes (16%) or Proteobacteria (78%). Search of IBP sequences within genomic contigs was carried out by Blast analysis, using IBP genes from the diatom Fragilariopsis cylindrus as the query. A contig of 3221 bps was found to contain an ORF for a putative IBP of 253 amino acids (GenBank code AHG59376 [15] ). In this work, we show that the recombinant protein E. focardii consortium IBP (EfcIBP) is stable to freezing and thawing, exerts a moderate effect of cryo-protection of pure proteins and whole bacterial cells and displays a remarkable activity in inhibiting ice recrystallization even at very low concentration.
Results
Attempts to produce the recombinant protein E. focardii consortium IBP in Escherichia coli failed whatever the conditions applied (data not shown). Analysis of sequence AHG59376 by Prosite [17] and SignalP 4.1 [18] suggested that an N-terminal stretch of 23 amino acid residues (MKKIKITML-TATVLFGLLTVVGC) may be a signal for anchorage to the cell surface or for protein transport [15] . Therefore, we designed a sequence devoid of the N-terminal stretch that is referred to in this paper as EfcIBP. Production of the recombinant protein was assayed in E. coli, at different temperatures and in different growth media as reported in 'Materials and methods'. The highest yield of soluble EfcIBP was achieved after 16 h incubation at 25°C in ZYM-5052 medium [19] . The yield of EfcIBP, determined after affinity chromatography purification, was~2 mg from 1 L of culture. Under the same conditions we obtained~8 mg of green fluorescent protein (GFP) from 1 L of culture (Fig. 1) .
Secondary structure and conformational properties of EfcIBP
Fourier transform infrared (FTIR) and circular dichroism (CD) spectroscopies were applied to investigate the composition in secondary structure and the conformational stability of EfcIBP (Fig. 2) . FTIR analysis was performed in the amide I region, where the signal is mainly due to C=O stretching vibrations of the peptide bond, which is particularly sensitive to the polypeptide secondary structures. Figure 2A shows the second derivative spectrum [20] of EfcIBP and bands are assigned as described in [21] . The spectrum is dominated by a component at~1634 cm
À1
, assigned to native b-sheet structures. The component at about 1653 cm À1 occurs in the spectral region of a-helices and random coils, and peaks at~1669 and 1689 cm À1 can be assigned to turn and turn/b-sheet structures, respectively. The ratio of peak intensity at 1689 and~1634 cm À1 indicates a parallel orientation of the b-sheet structures. Indeed, as suggested by theoretical and experimental works [21, 22] , in the amide I region the presence of parallel b-sheets is revealed by either a single band at 1640-1623 cm À1 or by this signal together with a very low intensity peak at 1695-1675 cm
. The high content of b-sheet structures in the EfcIBP protein is also highlighted by its CD spectrum displaying a negative band at~219 nm and positive ellipticity at~195 nm (Fig. 2B) . Accordingly, the 3D structural model (see later) built using the structure of the IBP from Flavobacterium frigoris (33.5% sequence identity) as the template predicts a mainly beta structure.
In order to investigate the robustness of the EfcIBP structure towards freezing and towards repeated freezing and thawing (FT) steps, we analysed by FTIR and near-UV CD spectroscopies the structure of the protein stressed by up to 14 FT cycles followed by overnight freezing, as described in 'Materials and methods'.
For the sake of completeness, we show also results obtained with GFP, used as a probe to assess the performance of EfcIBP as a cryoprotectant (see later). GFP is similar to EfcIBP in size and in the prevalence of beta elements in the secondary structure. Changes in the secondary structure of both proteins revealed by FTIR spectra are hardly detectable (data not shown), whereas effects on the tertiary structures are different and protein dependent (Fig. 3) . Indeed, after FT cycles, we observed a small loss of intensity (15% at 287 nm) in the near-UV CD spectra of EfcIBP (Fig. 3A) . Under the same conditions of freeze-thaw cycles, the TH values were not affected. These results show that structural and functional properties of this IBP are suitable to cope with low temperature and freezing stresses. On the other hand, the spectrum of native GFP revealed a marked flattening of the signal, mainly around 279 nm, where the signal loss is 70% (Fig. 3B ).
To gain a more complete view of the protein's temperature sensitivity, we analysed both EfcIBP and GFP by CD spectroscopy, monitoring ellipticity changes at 215 nm in samples heated from 25 to 90°C (Fig. 2C) . Above~60°C, the ellipticity signal of EfcIBP was rapidly lost with the midpoint at 66.4 AE 2.7°C. The appearance of visible protein precipitates in the cuvette suggested that aggregation occurs. Similar behavior has been reported for LeIBP and FfIBP, two homologs of EfcIBP with midpoint temperature of 61 and 56.4°C, respectively (Table 1 ) [23] . GFP displayed higher thermal stability with a midpoint of signal loss at 71.4 AE 0.8°C. From these data we surmise that EfcIBP not only well withstands repeated freezing and melting, but is also surprisingly thermostable, although less than GFP. Temperature stability of proteins from psychrophilic organisms may sound counterintuitive; however, stability may be a side effect of the rigidity necessary for IBPs when binding to ice crystals. In fact, according to the anchored clathrate waters mechanism, the ice binding sites of IBPs need to be well positioned to allow water molecules to be arranged on top of them in an ice-like structure that mimics ice crystals and allows binding of anchored water to a nearby ice crystal [24] .
Ice-binding properties
The thermal hysteresis values of EfcIBP are similar to those of moderate fish antifreeze proteins (AFPs) [11] with activity of 0.53°C at 50 lM concentration, as shown in the TH plot in Fig. 4A . The activity at this concentration did not reach a plateau, indicating that higher concentrations may yield higher TH values. However, higher concentrations are more difficult to measure due to fast melting of superheated crystals. The same TH was obtained with 300 lM (2.1 mgÁmL
À1
) of AFP type III. In comparison, 40 lM at 8 min incubation time yielded 1.1°C for the Tenebrio molitor AFP, a representative of the hyperactive proteins [25] .
The growth and melting patterns observed with EfcIBP differ from the bipyramidal patterns obtained with fish AFPs, and have some features similar to the shapes observed with hyperactive insect AFPs [26] and the ryegrass IBP [27] (Fig. 4B) . Ice in the presence of EfcIBP appears to grow and melt layer by layer in the direction of the basal planes, leading to very thin ice crystals (Video S1). Although the crystals do not grow when held at constant temperatures within the hysteresis gap, stepwise lowering of the temperature leads to step growth of the crystals, until the freezing point is reached and the crystals burst. A similar phenomenon was noted with fish antifreeze glycoproteins, despite differences in crystal morphologies [26] . The step growth was less pronounced at higher concentrations, although it still occurred at 50 lM (1.2 mgÁmL À1 ). Crystals that grew new ice layers within the TH gap did not continue to grow if held at a constant temperature. To check whether the protein accumulates on the ice surface over time, we incubated the crystal in 50 lM EfcIBP for 1 or 10 min before temperature lowering. We did not detect any significant difference in TH values, indicating that EfcIBP binds quickly (within the first minute) on the crystal surface. Still, after both annealing times, we observed step growth during the temperature decrease. The IRI activity of EfcIBP is shown in Fig. 5 . We observed that 0.1 lM of protein was overall sufficient to inhibit IR, but some crystals did grow. At 1 lM EfcIBP, IR was completely inhibited. We calculated the IRI efficacy of EfcIBP following the analysis derived by Budke et al. [28] and compared it with the efficacy of type III AFP from ocean pout (Zoarces americanus, QAE (QAE is a particular subgroup of IBPs from ocean pout Macrozoarces americanus) isoform named HPLC12) [4] . This fish IBP was chosen as a control since its TH activity is in the same range. The IRI efficacy (C i ) is the inflection point of a curve that describes the dependence of IR rate on protein concentration (Fig. 6 ). The C i value represents the concentration of EfcIBP below which the IRI is not effective. We found that the C i of EfcIBP is 0.0025 AE 0.0006 lM. For comparison, we measured IRI for ocean pout type III AFP and found a C i value of 0.05 AE 0.02 lM. The effectivity of EfcIBP in IRI is 20-fold higher than type III AFP and it is also very high compared with other IBPs [29, 30] . Values of C i in the nanomolar range were previously reported only for antifreeze glycoproteins [29] .
Cryoprotection assays
The biological activity of EfcIBP was explored in experiments of cryoprotection of a single pure protein (GFP) and of whole E. coli cells. In the first set of experiments, purified GFP was exposed to FT treatment in the presence of 0.6 lM EfcIBP or other proteins known to be either active (BSA) or inactive (lysozyme) as cryo-protectors [31] . GFP fluorescence was measured before freezing, after 7 and 14 cycles of FT, and finally after 14 FT cycles and overnight freezing. Under these conditions, we observed a rapid loss of intrinsic fluorescence in GFP (Fig. 7A) likely as a result of denaturation induced by FT treatment and consistent with the results reported in Fig. 3B . The fluorescence decay was milder in the presence of EfcIBP and of BSA, but not in the presence of lysozyme, used as a negative control (Fig. 7A) .
To evaluate the protection effect of EfcIBP on whole cells, we had to perform experiments at less severe temperature, since E. coli exposed to FT according to the previous schema was not viable. E. coli BL21 (DE3) cells were incubated at a temperature close to the water freezing point in the presence of either 50% (v/v) glycerol or different proteins (1 mgÁmL À1 ) as in the previous experiment. Cell viability was assayed every 2 days, by counting colony forming units (CFUs) formed by cells exposed to cold treatment (Fig. 7B) . After 12 days, the percentage of viable cells was 6.50% for cells in phosphate buffer (PB) and lysozyme, 9.21% for samples with BSA, 24.6% for samples containing EfcIBP and 35% for those with glycerol.
Structure and function in the context of IBP evolution
The maximum likelihood phylogenetic tree ( ginsengisoli, the members of the cluster are Antarctic or cryophilic microbes. The same result was obtained when aligned sequences were restricted to 23 IBPs containing a domain of unknown function (DUF) 3494 retrieved from the Pfam server [32] using the EfcIBP amino acid sequence as the query (bracketed in Fig. 8 ).
To integrate functional and structural analyses, we restricted the cluster to eight IBPs with over 30% sequence identity to EfcIBP and whose TH activity had been determined (Table 1) [23, [33] [34] [35] [36] [37] [38] [39] . The 3D structure of three IBPs included in the comparison (FfIBP, LeIBP and ColAFP) is known and consists of a b-helix with an a-helix alongside the main axes of the protein [23, 33, 35] . Structural information allowed building the structure-driven multiple alignment shown in Fig. 9 . The alignment highlights high conservation in both primary and secondary structures, as well as in the sequence of IBSs (Fig. 10A) , with a mean sequence identity of 26.3%, 23.7% and 23.9% with the IBSs of FfIBP, LeIBP and ColAFP, respectively. A high content of polar residues is observed, in particular threonine and serine. In the structural model, some of these polar amino acids (highlighted in cyan in Fig. 10A ) line up on b-sheets, on the same face of the protein, suggesting a putative ice binding face (Fig. 10B) . We observed that, in spite of sequence and structure conservation, considered IBPs display different TH activity. We are aware that comparison of TH determined by different authors is not straightforward because of possible discrepancies in concentration and analytical methods. However, with all due caution, data available point to a non-relatedness of general structural organization and TH. Data on IRI, unfortunately, are still too sporadic to be included in the analysis. In case of FcAFP, IRI activity is 1.2 lM and 0.12 lM in low-and high-salinity conditions, respectively [34] .
Discussion
As the body of knowledge increases, the heterogeneity of proteins able to bind to ice becomes more and more evident. The widespread occurrence of IBPs within organisms unrelated to each other and the striking variety of sequences, structures and functional strategies is considered proof of recent evolutionary pathways aimed at providing cells and tissues with defences against intracellular and environmental freezing. Polar marine environments are being intensively investigated in the frame of programs for the study and exploitation of biodiversity and provide a rich reservoir of novel organisms.
EfcIBP shows structural and functional properties common to IBPs, but also a combination of TH and IRI activity not previously described in a bacterial IBP. In particular, we detected a very effective IRI (C i values of 2.5 nM) showing that EfcIBP is among the best performing IBPs described to date. Moreover, EfcIBP has TH activity and it can stop a crystal from growing when held at a constant temperature within the TH gap. Yet the observed stepwise growth of a crystal when the temperature is lowered but not below the hysteresis freezing point indicates that EfcIBP is less efficient in preventing ice from growth in these conditions. Altogether these data suggest that freezing point depression is not likely to be the natural role of [50] . At the top are indicated ahelixes (helixes), 3 10 helixes (g), b-strands (arrows), strict b-turns (TT) and strict a-turns (TTT) extracted from the tertiary structure of FfIBP (PDB: 4NU2 [23] ). Residues strictly conserved have a red background; residues well conserved are indicated by red letters. Both strictly and well conserved residues are framed in blue box. The alignment includes the full-length sequence of each protein.
this IBP. Rather, EfcIBP may serve to depress ice recrystallization or have an effect on preservation of the liquid environment in the vicinity of the consortium. IRI activity was demonstrated in several IBPs secreted by microorganisms that inhabit icy niches, in particular in communities of microorganisms living in sea ice [40] . Such a role would support the importance for E. focardii of living together with a bacterial community able to secrete an IBP or at least to export it to the cell surface and is consistent with the cryoprotection effect observed when the IBP is supplemented in sufficient amounts. In the absence of direct evidence about protein transport, the hypothesis of secretion is substantiated by two observations, namely the presence of a putative sequence of transport/anchorage to the cell membrane at the amino terminus and the identification of a DUF3494 domain common to several secreted IBPs [9] . Still to be clarified is the function of this IBP within the cell consortium as it might well be active in the structuring of ice around the ciliate cells but could also play a role when in association with the ciliate cells surface. Such a function has been shown for the Antarctic moss Bryum argenteum, which accumulates proteins on its surface [10] . Either anchored at the outer cell surface or concentrated around cells, this protein might provide survival advantages to the entire consortium and may have contributed to the successful colonization of the Antarctic habitat by the ciliate.
Materials and methods
Strains, media and production assays E. coli BL21[DE3] (EMD Millipore, Billerica, MA, USA) was used as the host for heterologous expression. Production assays of recombinant EfcIBP were carried out in low-salt Luria-Bertani (LB) medium (tryptone 1%, yeast extract 0.5%, sodium chloride 0.5%), terrific broth (TB; tryptone 12%, yeast extract 24%, glycerol 4%, potassium phosphate monobasic 0.17 mM, potassium phosphate dibasic 0.72 mM) or ZYM-5052 medium [19] , with addition of 100 mgÁL À1 ampicillin. In these analytical experiments, pre-cultures were grown in LB medium to D 600~0 .6-0.8 and diluted 1 : 25 in different media. Cultures in LB or TB medium were incubated at 30°C to reach D 600 0.6-0.8 before adding 0.2 lM isopropylthio-b-D-galactoside as inducer. Each induced culture was subdivided in three shaking flasks and incubated at different temperatures (13, 30 and 37°C) . Samples were withdrawn after 2, 4 and 18 h, with additional samples obtained after 48 and 72 h from the 13°C cultures. Analytical cultures in ZYM-5052 medium were incubated at 13 and 25°C, for 16-72 h, depending on incubation temperature and samples withdrawn at the end of incubation. [51] using FfIBP as a template [23] . b-Sheets are indicated in red, a-helices in blue, coils in orange and turns in green; sidechains of polar residues predicted to belong to IBS are in cyan.
Cloning of the EfcIBP coding sequence
The EfcIBP gene corresponds to nucleotides 70-762 of the genomic sequence EfsymbAFP previously described by [13] . The sequence encoding EfcIBP was amplified by PCR using a forward primer (5 0 -CATATGAAGAAAGAAAAGAAC-GAT-3 0 ) that inserts in 5 0 the initial ATG along with the restriction site for NdeI (underlined) and a reverse primer (5 0 -CTCGAGCGGCAGAACAAA-3 0 ) that inserts in 3 0 the restriction site for XhoI (underlined). Reactions were carried out using MyCycler (Bio-Rad, Hercules, CA, USA) under the following conditions: 1 cycle (95°C for 5 min), 30 cycles (95°C 1 min, 54°C 1 min, and 72°C 1 min), and a final cycle of 72°C for 7 min. PCR products were cloned in frame with a sequence coding for C-terminal 6xHis-Tag into the pET-21a expression vector previously cleaved with NdeI and XhoI to obtain pET-21a [EfcIBP] . The sequence of cloned DNA was verified by bidirectional DNA sequencing. GFP was produced from pET-19b [GFP] [41] . Type III AFP is a recombinant version of HPLC12, a type III isoform that belongs to the QAE subgroup of IBPs from ocean pout M. americanus. The protein was produced in E. coli and purified as described elsewhere [42] .
Production and purification of recombinant proteins
Production of recombinant EfcIBP and GFP was in ZYM-5052 [19] with addition of 100 mgÁL À1 ampicillin.
Pre-cultures were grown in low-salt LB medium up to D 600 0.6-0.8, diluted 1 : 25 in ZYM-5052 and incubated overnight at 25°C.
Proteins were purified by affinity chromatography using resin of nickel-nitrilotriacetic acid agarose. Elution fractions containing the highest protein concentrations were pooled and buffer was exchanged for 10 mM ammonium acetate pH 7.0 by two consecutive gel filtrations on PD-10 columns (GE Healthcare, Little Chalfont, UK) according to the manufacturer's instructions. Samples were lyophilized in a freeze-dryer (Heto FD1.0, Gemini BV, Apeldoorn, the Netherlands) and stored at À20°C or re-suspended in PB (25 mM sodium phosphate pH 7.0).
Protein concentration was determined by the Bradford protein assay (Bio-Rad), using bovine serum albumin as the standard. SDS/PAGE was on 14% acrylamide gels [43] stained with Coomassie dye (Bio-Rad) after electrophoresis. Broad-range, pre-stained molecular-mass markers (GeneSpin, Milan, Italy) were used as standards.
Analysis of protein conformation and stability

CD spectroscopy
CD spectra of proteins dissolved in PB (8 lM for far-UV measurements and 40 lM for near-UV measurements) were recorded with a J-815 spectropolarimeter (Jasco Corp., Easton, MD, USA), using either 0.1 cm (for far-UV) or 1 cm path length quartz cuvettes (for near-UV). Experiments were in duplicate.
Spectra in the far-UV were measured in the range 195-260 nm, while near-UV measurements were at 240-340 nm, with 0.1 nm data pitch and 20 nmÁmin À1 scanning speed.
All spectra were corrected for buffer contribution, averaged from two independent acquisitions, and smoothed by using a third-order least square polynomial fit. Thermal denaturation spectra were obtained measuring the CD signal at 215 nm fixed wavelength when progressively heating the sample from 25 to 90°C. Measurements were performed with a data pitch of 0.2°C and a temperature slope of 5°CÁmin À1 .
Molar mean ellipticity values per residue [h] were calculated as:
where DA is the difference in the absorption between circularly polarized right and left light of the protein corrected for blank, m is the protein molecular mass in daltons, l is the path length (0.1 cm), c is the protein concentration (mgÁmL À1 ) and n is the number of residues [41] .
FTIR spectroscopy
FTIR spectra in attenuated total reflection (ATR) were collected by using the Quest device (Specac, UK) equipped with a single reflection diamond element. Aliquots of 2 lL of protein solution (40 lM in PB) were deposited on the ATR plate and dried at room temperature in order to obtain a protein film. ATR/FTIR spectra were then measured using a Varian 670-IR spectrometer (Varian Australia Pty Ltd, Mulgrave, Victoria, Australia) under the following conditions: 2 cm À1 spectral resolution, 25 kHz scan speed, 512 scan co-additions, triangular apodization and nitrogen-cooled mercury cadmium telluride detector. Absorption spectra were corrected for buffer contribution, and normalized to the amide I band intensity. Analyses of spectra were performed with the software Resolutions-Pro (Varian Australia).
Assessment of stability to freezing and thawing IBP and GFP samples (40 lM) were subjected to up to 14 cycles of freezing (À20°C for 20 min) and thawing (25°C for 10 min) or to 14 cycles of FT followed by overnight freezing (À20°C for 16 h). Effects on protein structure were assessed by near-UV CD and FTIR spectroscopies.
Ice binding assays
Thermal hysteresis and ice crystal morphology
We observed ice morphologies and determined TH using a LabVIEW (National Instruments Corp., Austin, TX, USA)-operated custom-designed nanoliter osmometer as described [44, 45] . Lyophilized proteins were recovered in double distilled water to 50 lM solution and diluted in 20 mM ammonium bicarbonate (pH 8.5). Rehydrated proteins exhibit the same secondary structure of freshly prepared, soluble samples, as revealed by FTIR spectra (data not shown). Samples of~10 nL immersed in oil were cooled until freezing (~À30°C) and then warmed until a single ice crystal of < 20 lm diameter remained. The melting temperature of the crystal was measured and then the crystal was incubated for 1 or 10 min at a few hundredths of a degree below the melting point. After incubation, the temperature was reduced by 0.01°C every 4 or 10 s and the crystal image was recorded. The temperature at which fast growth commenced was determined as the freezing point. The difference between the melting point and the hysteresis freezing points is the TH value.
Ice recrystallization inhibition
Ice recrystallization inhibition (IRI) was conducted using a sucrose-sandwich assay [46] with some modifications [28] . The final solutions contained 45% sucrose, 50 mM NaCl, 10 mM Tris (pH 8.0) and up to 1 lM of protein. Samples of 1 lL were placed on a sapphire sample holder and covered with a 13-mm diameter circular glass coverslip. The sapphire was used to reduce temperature gradients. The sample was sealed with type-B immersion oil (Sigma-Aldrich, St. Louis, MO, USA) to avoid evaporation and mounted on the stage of a Motorized Cryobiology System (model MDBCS196, Linkam Scientific, Tadworth, UK). A copper plate with a 2.5-mm diameter slit was placed on top of the sample to further reduce temperature gradients. Immersion oil was used between the sample, the stage and the slit to improve thermal contact. The Linkam stage was placed on a light microscope (BX41, Olympus America Inc., Melville, NY, USA) and operated using a Labview interface. The system was cooled from room temperature to À50°C at a rate of 130°CÁmin À1 and sustained at À50°C for 1 min.
The temperature was then elevated to À20°C at a warming rate of 130°CÁmin À1 and then warming continued to À10°C at a rate of 10°CÁmin À1 . The final stage of heating up to the annealing temperature of À7.4°C was conducted at a slow rate of 1°CÁmin À1 to avoid overheating. The sample was maintained at this temperature for 60 min. During this period, recrystallization was recorded using an EXi Aqua bio-Imaging camera (QImaging, Surrey, Canada) every 1 min. The experiment was carried out with different concentrations of protein and repeated at least three times for each concentration.
The IRI was calculated following the mathematical description derived by Budke et al. [28] . The images were processed using Fiji (R Foundation for Statistical Computing, Vienna, Austria) to calculate the number of crystals, the mean radius of the crystals and the total crystal volume. The cube of the mean crystal radius was calculated for all images in each data set and plotted against time. The slope of the curve obtained from time points 30-60 min was taken as the recrystallization rate constant. The ice volume fraction (Q) was also calculated for all images in each data set and only experiments with < 1% variation in Q were considered. In all experiments the ice volume fraction was up to 9% (in high volume fraction the theory for IRI calculation is not legitimate). The recrystallization rates (K d ) were plotted against protein concentration, with at least three replicates for each concentration. This data set was fitted to a sigmoidal curve using R (R Foundation for Statistical Computing, Vienna, Austria). The inflection point of the curve, termed the C i value, represents the effective protein concentration below which recrystallization is not efficiently inhibited [28] . A profile likelihood confidence interval (a = 0.05) for the C i point was calculated using the 'nlstools' R package. The rate constant in the absence of protein (K d (Q) at [C] = 0) was determined by measuring the recrystallization rate of buffer without protein. This experiment was repeated eight times and the averaged K d (Q) value was used for curve fitting. To accommodate the possible effects of different Q, we extrapolated all K d values for zero volume fraction Q = 0 as described [28] and plotted the new K l0 values against protein concentration (data not shown). The difference between the original C i value and the corrected C i value was very small.
Cryoprotection assays
Cryoprotection of GFP
Fluorescence spectroscopy experiments were carried out to detect the effects of FT on GFP fluorescence in either the presence or the absence of the EfcIBP. All protein samples were dissolved or prepared in PB. Samples of GFP (0.6 lM) were mixed with equimolar concentrations of EfcIBP, BSA (Sigma-Aldrich), or lysozyme (Sigma-Aldrich) or with PB alone, in a final volume of 500 lL in PB. Samples were divided into four 100 lL aliquots and deposited in a 96-multiwell plate to replicate each measurement. Plates were then frozen and thawed according to the scheme previously described above in 'Assessment of stability to freezing and thawing'. Emission spectra were recorded before freezing, after 7 and 14 FT cycles and finally after overnight freezing. Fluorescence emitted from GFP was measured by a Cary Eclipse (Varian Inc., Palo Alto, CA, USA) spectrofluorimeter using 96-multiwell plates. GFP fluorescence was recorded at room temperature with excitation at 474 nm and emission at 528 nm. The experiment was repeated three times.
Cold-tolerance assays were carried out on E. coli BL21 (DE3) cells exposed to low temperature in the presence or in the absence of EfcIBP. Cells carrying empty plasmid pET21 (to confer ampicillin resistance) were grown in ZYM-5052 medium and incubated overnight at 25°C until they reached a D 600 of~3. Aliquots of 1 mL of fresh culture were mixed with equal volumes of 1 mgÁmL À1 PB solutions of EfcIBP, BSA (Sigma-Aldrich), lysozyme (Sigma-Aldrich), or glycerol (50%) (Euroclone, Pero, Italy), or with PB alone as a control. Cell aliquots in 1.5-mL plastic tubes were kept submerged in ice for several days at a temperature of À0.5°C. After 0, 2, 4, 6, 8, 10 and 12 days, samples were diluted in LB medium with addition of 100 mgÁL À1 ampicillin, and inoculated on LB-agar plates to count CFUs after 16 h incubation at 37°C. Plates were inoculated in three replicates for each point.
Sequence analysis and modelling of 3D structure
The evolutionary history was inferred by using the maximum likelihood method based on the JTT matrix-based model [47] . The bootstrap consensus tree was inferred from 1050 replicates and assumed to describe the evolutionary history of the analyzed taxa [48] . An initial tree for the heuristic search was obtained by applying the neighbor-joining method to a matrix of pairwise distances estimated using a JTT model. The analysis involved 29 amino acid sequences. There was a total of 792 positions in the final dataset. Evolutionary analyses were conducted with MEGA5 [49] . Multiple alignments were performed by ESPRIPT [50] . The 3D structure of EfcIBP was modelled on the structure of FfIBP (PDB: 4NU2 [23] ) using SWISS-MODEL [51] . EfcIBP displays a sequence identity of 33.5% compared with the FfIBP. The resulting model was visualized using YASARA (www.yasara.org) and POVRay (www.povray.org).
